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(57) ABSTRACT

Systems and methods for beamforming algorithms for trans-
mit-receive parallel magnetic resonance imaging (“pMRI”)
applications are described. For any transmit configuration
(e.g., using a single or multiple transmit elements) a weighted
sum of the complex image data from each receiver is formed
with a spatially-varying weighting. The weighting factor is
obtained by solving an optimal refocusing problem at a set of
points in the image space, which can include all the pixels in
the image. The optimal refocusing of the transmit-receive
configuration accounts for the spatially-varying SNR in
deriving the coefficients of the weighted sum at every image
pixel.
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1
SYSTEM AND METHOD FOR PARALLEL
MAGNETIC RESONANCE IMAGE
RECONSTRUCTION USING DIGITAL
BEAMFORMING

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 61/635,631, filed on Apr. 19,
2012, and entitled “Digital Beam Forming in the MRI1.”

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
EB006835 awarded by the National Institutes of Health. The
government has certain rights in the invention.

BACKGROUND OF THE INVENTION

The field of the invention is systems and methods for mag-
netic resonance imaging (“MRI”). More particularly, the
invention relates to systems and methods for parallel MRI
image reconstruction using digital beamforming that
accounts for the directivity of transmit and receive radio
frequency (“RF”) elements, such as RF coils or RF antennas,
used to obtain magnetic resonance signals.

Parallel MRI (“pMRI”), together with the wider availabil-
ity of high field MRI, promise to bring about major improve-
ments in the sensitivity and specificity and open the door for
numerous clinical applications. The introduction of pMRI has
spurred interest in optimal beamforming, but much of the
focus of the early work was on the use of multiple indepen-
dent RF receiver coils. Methods like the root of sum of
squares (“RSS”) were shown to provide acceptable perfor-
mance. The argument was that combining the images as a
sum-of-squares results in high SNR as long as at least one of
array coils has high SNR with all the coils having similar
noise. However, the problem of combining image pixels from
arrays with different type of image artifacts remains a chal-
lenge.

Adaptive reconstruction of using phased arrays was
described by D. O. Walsh, et al., in “Adaptive Reconstruction
of Phased Array MR Imagery,” Magr Reson Med, 2000;
43(5): 682-690. Walsh presented several example reconstruc-
tions comparing the adaptive approach to RSS. The key
advantages for adaptive reconstruction demonstrated by
Walsh was the improvement of SNR in dark regions of the
field-of-view and suppression of artifacts by adaptive nulling.
The adaptive nulling was achieved by computing the noise
covariance matrix from a region in the FOV where motion
and/or flow artifacts are present. The adaptive approach finds
an optimal complex vector, m, that is obtained from solving
an eigenvalue problem for the matrix R, ~'R_, where R, and
R,, are, respectively, the signal and noise correlation matrices.
These matrices can be estimated on a pixel-by-pixel or
regional basis, depending on the problem. In practice, the
signal and noise correlation matrices are estimated using
complex image (or noise calibration) data from the array coils
in a specified region of interest,

Rp.= ) CoxyCyx, ) for pog=1,... .nc; )
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where C,(x,y) is the complex image (or noise) data at pixel
(x,y) formed by coil p, and n_ is the number of coils. A
common feature of the RSS and the adaptive methods relying
on the complex data (noise) measurements is that the trans-
mitter and receiver geometries are not explicitly used in
image reconstruction. This can be seen as an advantage given
that the radiation and reception patterns of the array elements
can be complicated, especially with the subject present.

SUMMARY OF THE INVENTION

The present invention overcomes the aforementioned
drawbacks by providing systems and methods for recon-
structing images using a magnetic resonance imaging
(“MRI”) system that includes an array of radio frequency
(“RF”) elements, such as coils or antennas, and a beamform-
ing algorithm that explicitly accounts for the directivities of
the RF elements.

It is an aspect of the invention to provide a method for
producing an image of a subject with an MRI system that
includes acquiring data from the subject by generating RF
energy with at least one transmit RF element and measuring
magnetic resonance signals formed in response thereto with
at least two receive RF elements. A directivity for each of the
at least two receive RF elements is determined and an image
corresponding to each of the at least two receive RF elements
is reconstructed by reconstructing data acquired by the
respective receive RF element. An image of the subject is then
produced by combining the reconstructed images using the
directivities for the at least two receive RF elements.

Itis another aspect of the invention to provide a method for
producing an image of a subject with an MRI system that
includes an array of RF elements, such as coils or antennas.
RF energy is transmitted to the subject using one or more of
the elements in the array of RF elements, and data is acquired
with the array of RF elements by measuring magnetic reso-
nance signals formed in response to the transmitted RF
energy. A transmit directivity and a receive directivity are
provided for each RF element in the array of RF elements. An
image is reconstructed for each RF element in the array of RF
elements by reconstructing data associated with magnetic
resonance signals detected by the respective RF element. An
image ofthe subject is then produced by combining the recon-
structed images using the provided directivities.

The foregoing and other aspects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying drawings
which form a part hereof, and in which there is shown by way
of'illustration a preferred embodiment of the invention. Such
embodiment does not necessarily represent the full scope of
the invention, however, and reference is made therefore to the
claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart setting forth the steps of an example of
a method for reconstructing an image of a subject using a
beamforming algorithm that accounts for directivities of
transmit and/or receive radio frequency (“RF”) elements,
such as coils or antennas;

FIG. 2 is a block diagram of an example of a magnetic
resonance imaging (“MRI”) system; and

FIG. 3 is an example of an array of RF coils that can be
implemented when practicing the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Described here are systems and methods for reconstructing
images of a subject, whether a human, animal, sample, or
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inanimate object, from data obtained with parallel magnetic
resonance imaging (“pMRI”) in which one or more radio
frequency (“RF”) transmit elements and two or more RF
receive elements are used to generate and measure magnetic
resonance signals. The transmit and receive RF elements may
be RF coils or RF antennas. Images are reconstructed using
digital beamforming techniques that account for the directiv-
ity of the transmit and receive RF elements used to acquire
data from the subject.

Digital beam forming of received signals in MRI systems is
a new paradigm for image processing. In digital beam form-
ing, the transmitted signals are not weighted, but the receive
signals are amplified, down-converted to an intermediate fre-
quency (“IF”), digitized, and processed. The total informa-
tion available over the entire field of view is preserved. These
digitized signals are multiplied by complex weights, Fourier
transformed, and summed to produce the weighted image.
Alternatively the weighting may be performed in the image
domain instead of the k-space weighting. The weighting may
result in different effects, including a single beam focused at
aregion of interest (“ROI”), or closely spaced multiple beams
resulting in a wider ROI, RF element pattern correction
including mitigating mutual coupling effects, nulling in a
specific region, among others.

The present invention does not require any additional
resources or any changes to the hardware configuration of
conventional MRI equipment. Rather, the present invention is
completely digital and makes use of RF coil, or antenna,
directivities in free space, which can be readily computed,
measured, or estimated. The present invention, thus, can be
implemented with any conventional pMRI system with either
receive-only or transmit-receive operational capabilities.

A beamforming algorithm for combining complex image
data acquired with a pMRI acquisition is thus provided. The
algorithm utilizes transmit and receive RF element directivity
patterns at each image pixel to compute a spatially-varying
weighting for combining the complex image data from dif-
ferent receive elements. Compared to the RSS method
described above, the beamforming algorithm described here
reduces the size of the dark regions in the image without
amplifying the noise.

Compared to the adaptive matched filter reconstruction and
least squares methods described above, the beamforming
algorithm described here employs a spatial inverse filter
derived from the transmit-receive directivities to equalize the
array gain at each pixel. Moreover, the gain of the spatial
inverse filter is inversely proportional to the square root of the
SNR, allowing for the optimization of this quantity at every
pixel, or in generalized regions, of the image.

Generally speaking, the principles of beamforming can be
applied to image reconstruction in pMRI. Described here are
systems and methods for implementing beamforming to
reconstruction images from data acquired using pMRI tech-
niques. As will be described below, the systems and methods
incorporate information about the directivity of the RF ele-
ments used to transmit RF energy to the subject and of the RF
elements that detect and receive magnetic resonance signals
in response thereto. As such, the systems and methods of the
present invention can be used for receive-only beamforming
and transmit-receive beamforming. These two approaches
are now described in turn.

Bistatic transmission and reception of RF electromagnetic
radiation can be formulated because of the reciprocity of
electromagnetic waves. The received RF data, s(t), can be
represented by

@Ml vp(Fexp(Af G 7 dt)d 7 ()
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4
where M, is longitudinal magnetization in equilibrium; p is
the spin density; y is the gyromagnetic ratio; and G(t) is the
time-dependent three-dimensional vector gradient field, with

CO=+G5+G 5+G2 3).
The spin density, p, is proportional to the transmit RF field,

B 1*(?) and the receive RF field, B 1"(?), and, depending on

the imaging protocol, the T1 and T2 weighting functions,

( TE ] ( TR ] )]
exp| ——— | and 1 —exp| ———|.
) (@)

Depending on the objective of the image reconstruction,
different optimization problems can be designed to incorpo-
rate different levels of knowledge about B, and B, ™, as well
as to incorporate measurement noise models.

Eqn. (2) results in a Fourier transform relationship between
the magnetic resonance signal and the spin density function,
p. Heterogeneity in the main magnetic field, B, and/or in B,
can affect the quality of MR images through degradation and
artifacts. For example, standing waves and interactions with
the sample can produce constructive and destructive interfer-
ence in B,*, leading to dark regions in the image. Using the
signal model of Eqn. (2), an image pixel value in the image
domain can be described as follows:

5

where D,, is the p” RF element directivity at the location,
xy); W=Dy, D,, . . ., D,] is the array directivity at the
location, (x,y); and m,_is an n_x1 transmit excitation vector
for n, RF elements (assuming the n_elements are operating in
transmit-receive mode). The additive noise, v(X,y), can be
assumed to be complex white Gaussian noise.

Eqn. (5) can be written in vector form for the n_ receivers
and a given transmit vector, m,,, as,

Lx )= (xy)ma D, (x,y)plxy)+v(xy)

I y)y=h*(xy)m H xy)pEy)+vxy) (6);

which can be written more compactly as

Ixy)y=H (xy)pxyvxy) s

with

H (o y)=h* (ey)mh (x.3) ®).

It is noted that the compact form for the directivity vector
does not assume anything about the heterogeneity of B;™;
rather, it includes a complex constant, approximated by h*(x,

y)m,,, with the receiver directivity vector, h‘(?). The direc-
tivity vector can be computed using computational models,
direct measurement if feasible, or based on estimates from the
receive data under different conditions.

Eqn. (7) allows for estimating the spin density, p, using a
linear least-mean-square estimator of p given I(x,y),

pxy) =R, +H#R H ) H R T (xp) ©).

When the noise, v, is white noise with a variance, o,?, the
solution to Eqn. (9) takes the following form:

(10)
A
plx, y) = H ”2 SNR‘(X’ )
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which can be rewritten as,

an

P, ) = I N i,
=1

IH-13 + SNR £

where SNR:(Jpz/ 0,7 is signal-to-noise ratio. It is noted that
the foregoing formulation can be generalized for multiple
pixel locations and multiple transmissions (i.e., compound-
ing). Eqn. (11) can be viewed as a regularized spatial inverse
filter with respect to the transmit receive array directivity
vector, H, as defined above. It is noted that this inverse filter
does not remove nulls from any image associated with a
single RF receive element; however, the denominator results
in higher gain for low SNR and/or low directivity at certain
pixel locations. This property provides an important advan-
tage over previous SNR-aware methods, such as the adaptive
reconstruction method described above. Before implement-
ing the solutionin Eqn. (11), the complex transmit vector, m,,,
must be evaluated.

It is possible to define an optimal synthesis problem for
evaluating the complex transmit vector, m,,, using informa-
tion about the B, * field profile for each transmit element. A set
of control points, n, can be defined as points (x,,y,) with
=1, . .., n. Assuming a linear propagation model, the

Bf(?i) field at the i” control point is given by

ne 12
B{(F)= Y D} (Fomlnl, i=1, ...

n=1

sitps

where the directivity values, D,f'(?i) can be computed,
measured, or estimated.

Eqn. (12) can be rewritten in the following vector form,

B*=H'm, a3y
with the nxn, matrix, H*, representing a finite-dimen-
sional propagation operator the describes propagation from a

transmitter element to the control points, ?i. Assuming that

both m,, and B, are deterministic, a regularized minimum-

norm least squares (“MNLS”) solution to Eqn. (13) can be

provided through the pseudoinverse,

o) B, (14).

The pseudoinverse in Eqn. (14) can be rewritten in a regu-
larized weighted solution as follows,

WH (HWHY 1) Bf np <ne (15

My = " —
(HWH + 1) H™WB] ny>ng

where I1 is an appropriately designed regularization matrix
and W is a weighting matrix determined by the optimization
problem. Different variations on the MNLS solutions can be
implemented depending on the objectives of the optimization
and the nature of the propagation operator. For example, one
variation on this solution includes nulling the B,* field to
reduce or eliminate artifacts. Eqn. (13) allows for two
approaches to nulling.
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6
The first approach for nulling the B, * field is through direct

nulling. In direct nulling, the B,* field is set to B;* (?i):f)
with 181=0 for one or more control points in the field. The
second approach for nulling the B,* field is through soft
nulling. In soft nulling, a weighted minimum-norm solution
having the following form is sought:

o =RTHHH R HT) B (16);

where R_~! is a regularized inverse of array directivity
matrix at a set of control points where the transmit field
intensity is to be minimized. This matrix has the following
form:

R=@ P H B 17

where [ is the identity matrix and f is a regularization
parameter. Eqn. (17) provides the solution to the following
constrained optimization problem:

(18)

min{m? B H my.} subject to Bf = H'myy;
My

with H* as defined above in Eqn. (13). It is contemplated
that the soft nulling approach implemented by Eqn. (18) will
achieve better results than the direct nulling by specifying the
values at the control points. It should be noted that the con-
strained optimization problem described above can be solved
using norms other than the energy norm in Eqn. (18).

Receive beamforming can be performed as described
above with respectto Eqns. (5)-(11) for a given solution to the
transmit-beam synthesis described in above with respect to
Eqns. (13)-(18). Itis also possible, however, to define a mode
of transmit-receive array beamforming known as synthetic-
aperture beamforming. With this approach each RF coil or
antenna is separately and individually used to transmit RF
energy while magnetic resonance signals are detected and
received by all of the RF coils or antennas. In this manner, for
an RF element array having n_ transmit-receive RF elements,
which may be coils or antennas, n_> complex images can be
formed. These images are then combined into a single image
where each pixel of the combined image is obtained with both
transmit and receive arrays focused on that pixel,

ng  Nc

16, 9)= 3 3" Dy, D, (x, Y)Cpylx, Y);

p=1g=1

a9

where C,,,(,y) is the complex pixel value from the image
formed by receiving on the ¢ RF receive element with the p”
RF transmit element transmitting. Eqn. (19) can be written
more compactly in terms of the transmit-receive array direc-
tivity vectors, as follows,

1 yyhyt7C, (20);

XXy

where C_ is an n_xn, matrix in which C_(p,q) is the com-
plex value at the point (x,y) in an image associated with the p”
transmission and the g™ reception.

The aforementioned synthetic aperture beamforming does
not need to be performed at every pixel in the target image
because, even at high B, field strengths, the array point spread
function (“PSF”) is approximately a Bessel function in the
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x-y plane with a main lobe spanning a number of image
pixels. The composite image can be formed by a weighted
sum,

ns @21
106, 9) = 3 T, G Fi iy, WK = s = 3

n=1

where W(x,y) is a spatial compounding function designed
to compensate for the high focusing gain of the RF coil or
antenna array. By way of example, the spatial compounding
function can be,

PSF(x, y)
PSF2(x, y) + 2

22

Wix, y) = for x, y € FOV.

That is, the spatial compounding function is the inverse of
the PSF when PSF*(x,y)>>f>, but goes to zero as PSF(x,y)
tends towards zero. The spatial weighting defined in Eqn. (22)
can be modified to compensate for the known heterogeneity
of'the B, field.

Referring now to FIG. 1, a flowchart setting forth the steps
of'an example of a method for reconstructing an image using
abeamforming technique that incorporates information about
the directivity of the RF coil, or RF antenna, array elements is
illustrated. The method begins with the acquisition of data
using an array of RF elements, which may be RF coils or RF
antenna, in an MRI system, as indicated at step 102. An image
is then reconstructed for each RF receive element, as indi-
cated at step 104. That is, an image is reconstructed from the
signals acquired from each RF receive element. For instance,
in an RF coil, or antenna, array having eight receive elements,
eight different images are reconstructed. Directivity informa-
tion about the RF elements in the array is provided, as indi-
cated at step 106. This information may be computed, mea-
sured, or estimated. By way of example, the directivity
information includes the directivity for each RF element,
D,7(x,y), at locations (x,y) and the directivity information for
the entire coil array, H™, at those locations. Using the direc-
tivity information, the images associated with the different
RF receive elements are combined to produce a target image
of the subject, as indicated at step 108. By way of example,
the individual images can be combined in accordance with
Eqns. (10) or (11), or in accordance with Eqn. (21).

The beamforming methods of the present invention pro-
vide the advantage that contrast can be restored in regions
where spin levels are reduced because of B, non-uniformities.
Compared to standard approaches, like RSS, the present
invention can be designed to balance the local SNR with the
array directivity at each pixel to minimize the extent of the
dark regions in the reconstructed images.

The beamforming approach utilizes the RF coil, or
antenna, directivities, together with the local SNR, to gener-
ate a pixel-wise gain function for equalizing the images in
receive-only beamforming reconstructions. The local SNR
can be estimated using a no-transmit reception with the sub-
ject in the magnet. The equalization can be selectively
applied, such as if the SNR is above a specified threshold;
otherwise, the values of the complex image pixels can remain
unaltered. This resulted in minimizing, but not eliminating
the dark regions in the reconstruction. Therefore, with the
current technique, it may not be possible to generate full
images using one transmit element except when the SROI
does not contain any nulls. However, as few as two transmis-
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sions could be used to produce a potentially useful image
when the transmitting elements do not have common nulls. In
this scenario, as in the single-element transmit scenarios, the
receive-only beamforming compounding provides a superior
result compared with the corresponding compounding solu-
tion with the RSS.

In principle, the transmit-receive (synthetic aperture)
beamforming can be applied in a similar manner to the RX-
only BF approach. Images canbe added together using spatial
weighting functions that attempt to equalize the RF coil, or
antenna, array gain around the focal point. Local SNR is not
used in these instances, but the algorithm can be readily
adapted to incorporate local SNR in the compounding. For
example, the two-way focusing gain could be modified to
account for the local SNR in a manner similar to the receive-
only beamforming described above. Alternately, the complex
images from individual transmit-receive combinations can be
modified by pixel-wise weighting based on the measured
SNR.

The propagation operators that form the basis of the beam-
forming formulation described above have several extensions
that can be advantageous in pMRI applications. For example,
mutual coupling between the transmit or receive elements can
be incorporated in the propagation operators, H* and H™ cou-
pling matrix of size n_xn_ can be cascaded with the appropri-
ate operator and the synthesis problem can be solved for the
cascade.

Explicitly accounting for RF receive coil, or antenna, array
and/or RF transmit-receive coil, or antenna, array directivity
in pMRI provides improvements in image contrast compared
to conventional approaches, like RSS; that rely only on the
measured complex image and noise data. RF receive element
data can be used in receive-only beamforming or in synthetic-
aperture transmit-receive beamforming.

Referring particularly now to FIG. 2, an example of a
magnetic resonance imaging (“MRI”) system 200 is illus-
trated. The MRI system 200 includes a workstation 202 hav-
ing a display 204 and a keyboard 206. The workstation 202
includes a processor 208, such as a commercially available
programmable machine running a commercially available
operating system. The workstation 202 provides the operator
interface that enables scan prescriptions to be entered into the
MRI system 200. The workstation 202 is coupled to four
servers: a pulse sequence server 210; a data acquisition server
212; a data processing server 214; and a data store server 216.
The workstation 202 and each server 210, 212, 214, and 216
are connected to communicate with each other.

The pulse sequence server 210 functions in response to
instructions downloaded from the workstation 202 to operate
a gradient system 218 and a radiofrequency (“RF”) system
220. Gradient waveforms necessary to perform the prescribed
scan are produced and applied to the gradient system 218,
which excites gradient coils in an assembly 222 to produce
the magnetic field gradients G, G, and G, used for position
encoding MR signals. The gradient coil assembly 222 forms
part of a magnet assembly 224 that includes a polarizing
magnet 226 and a whole-body RF coil 228.

RF excitation waveforms are applied to the RF coil 228, or
a separate local coil (not shown in FIG. 2), by the RF system
220 to perform the prescribed magnetic resonance pulse
sequence. Responsive MR signals detected by the RF coil
228, or a separate local coil (not shown in FIG. 2), are
received by the RF system 220, amplified, demodulated, fil-
tered, and digitized under direction of commands produced
by the pulse sequence server 210. The RF system 220
includes an RF transmitter for producing a wide variety of RF
pulses used in MR pulse sequences. The RF transmitter is
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responsive to the scan prescription and direction from the
pulse sequence server 210 to produce RF pulses of the desired
frequency, phase, and pulse amplitude waveform. The gener-
ated RF pulses may be applied to the whole body RF coil 228
or to one or more local coils or coil arrays (not shown in FIG.
2).

The RF system 220 also includes one or more RF receiver
channels. Each RF receiver channel includes an RF pream-
plifier that amplifies the MR signal received by the coil 228 to
which it is connected, and a detector that detects and digitizes
the I and Q quadrature components of the received MR signal.
The magnitude of the received MR signal may thus be deter-
mined at any sampled point by the square root of the sum of
the squares of the I and Q components:

MV P

and the phase of the received MR signal may also be
determined:

(23);

pmu(2) &

The pulse sequence server 210 also optionally receives
patient data from a physiological acquisition controller 230.
The controller 230 receives signals from a number of different
sensors connected to the patient, such as electrocardiograph
(“ECG”) signals from electrodes, or respiratory signals from
a bellows or other respiratory monitoring device. Such sig-
nals are typically used by the pulse sequence server 210 to
synchronize, or “gate,” the performance of the scan with the
subject’s heart beat or respiration.

The pulse sequence server 210 also connects to a scan room
interface circuit 232 that receives signals from various sen-
sors associated with the condition of the patient and the mag-
net system. It is also through the scan room interface circuit
232 that a patient positioning system 234 receives commands
to move the patient to desired positions during the scan.

The digitized MR signal samples produced by the RF sys-
tem 220 are received by the data acquisition server 212. The
data acquisition server 212 operates in response to instruc-
tions downloaded from the workstation 202 to receive the
real-time MR data and provide buffer storage, such that no
data is lost by data overrun. In some scans, the data acquisi-
tion server 212 does little more than pass the acquired MR
data to the data processor server 214. However, in scans that
require information derived from acquired MR data to control
the further performance of the scan, the data acquisition
server 212 is programmed to produce such information and
convey it to the pulse sequence server 210. For example,
during prescans, MR data is acquired and used to calibrate the
pulse sequence performed by the pulse sequence server 210.
Also, navigator signals may be acquired during a scan and
used to adjust the operating parameters of the RF system 220
or the gradient system 218, or to control the view order in
which k-space is sampled. In all these examples, the data
acquisition server 212 acquires MR data and processes it in
real-time to produce information that is used to control the
scan.

The data processing server 214 receives MR data from the
data acquisition server 212 and processes it in accordance
with instructions downloaded from the workstation 202. Such
processing may include, for example: Fourier transformation
of raw k-space MR data to produce two or three-dimensional
images; the application of filters to a reconstructed image; the
performance of a backprojection image reconstruction of
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acquired MR data; the generation of functional MR images;
and the calculation of motion or flow images.

Images reconstructed by the data processing server 214 are
conveyed back to the workstation 202 where they are stored.
Real-time images are stored in a data base memory cache (not
shown in FIG. 2), from which they may be output to operator
display 212 or a display 236 that is located near the magnet
assembly 224 for use by attending physicians. Batch mode
images or selected real time images are stored in a host
database on disc storage 238. When such images have been
reconstructed and transferred to storage, the data processing
server 214 notifies the data store server 216 on the worksta-
tion 202. The workstation 202 may be used by an operator to
archive the images, produce films, or send the images via a
network to other facilities.

An example of an RF coil that can be used when practicing
the present invention is illustrated in FIG. 3. The coil 302
includes microstrip transmit elements 304 and coils 306 as
antennas for the receiver elements. The active receive coil
element module includes a receive antenna, a transmit/re-
ceive switch to protect the receiver from the transmit pulse, an
amplifier, a down-convertor and filter for the received signals
to be converted to an intermediate frequency (“IF”’) such as 20
MHz, an amplifier to obtain the in-phase and quadrature
channels to preserve the phase information, and analog-to-
digital converters. With these receive element signals, the
beam forming signals are now in the digital domain and allow
the processing with the phase information. Alternatives to the
transmit microstrip 304 and receive coil antennas 306, includ-
ing metamaterial designs, can also be implemented.

The present invention has been described in terms of one or
more preferred embodiments, and it should be appreciated
that many equivalents, alternatives, variations, and modifica-
tions, aside from those expressly stated, are possible and
within the scope of the invention.

The invention claimed is:

1. A method for producing an image of a subject with a
magnetic resonance imaging (MRI) system, the steps of the
method comprising:

a) acquiring data from the subject using an MRI system by
generating radio frequency (RF) energy with at least one
transmit RF element and measuring magnetic resonance
signals formed in response thereto with at least two
receive RF elements;

b) determining a directivity for each of the at least two
receive RF elements;

¢) reconstructing an image corresponding to each of the at
least two receive RF elements by reconstructing data
acquired in step a) by the respective receive RF element;
and

e) producing an image of the subject by combining the
images reconstructed in step ¢) using the directivities for
the at least two receive RF elements.

2. The method as recited in claim 1 in which step e)
includes estimating a local signal-to-noise ratio (SNR) and
using the local SNR when combining the images recon-
structed in step c).

3. The method as recited in claim 2 in which step e)
includes computing an inverse spatial filter using the direc-
tivities and the local SNR, and applying the inverse spatial
filter to the images reconstructed in step c).

4. The method as recited in claim 1 in which step e)
includes weighting the images reconstructed in step ¢) using
the directivities determined in step b).

5. The method as recited in claim 1 in which step b) further
includes determining a directivity for each of the at least one
transmit RF elements.
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6. The method as recited in claim 5 in which step e)
includes weighting the images reconstructed in step ¢) using
the directivities determined in step b).

7. The method as recited in claim 6 in which step e)
includes calculating a weighted sum that includes weighting
each image reconstructed in step ¢) with the directivity for the
transmit RF element and the directivity for the receive RF
element used to acquire the data in step a) associated with the
given image.

8. The method as recited in claim 7 in which the weighted
sum calculated in step e) further includes applying a spatial
compounding function to each image reconstructed in step ¢),
the spatial compounding function being designed to at least
one of compensate for focusing gain of the at least two receive
RF elements and equalize focusing gain in a specified region-
of-interest.

9. The method as recited in claim 1 in which step b)
includes at least one of computing the directivities using a
model; measuring the directivities; and estimating the direc-
tivities.

10. The method as recited in claim 1 in which the at least
one transmit RF element includes at least one of an RF coil
and an RF antenna, and in which the at least two receive RF
elements include at least one of RF coils and RF antennas.

11. A method for producing an image of a subject with a
magnetic resonance imaging (MRI) system that includes an
array of radio frequency (RF) elements, the steps of the
method comprising:

a) transmitting RF energy to the subject using the array of

RF elements;

b) acquiring data with the array of RF elements by mea-
suring magnetic resonance signals formed in response to
the RF energy transmitted in step a);

¢) providing a transmit directivity and a receive directivity
for each RF element in the array of RF elements;

d) reconstructing an image for each coil in the array of RF
elements by reconstructing data acquired in step a) asso-
ciated with magnetic resonance signals detected by the
respective RF element; and

e) producing an image of the subject by combining the
images reconstructed in step d) using the directivities
provided in step c).
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12. The method as recited in claim 11 in which steps a) and
b) are repeated to acquire multiple sets of data, and each
performance of step a) includes transmitting RF energy with
at least one of the RF elements in the array of RF elements.

13. The method as recited in claim 12 in which step e)
includes weighting the images reconstructed in step d) using
the directivities provided in step c).

14. The method as recited in claim 12 in which step e)
includes providing a directivity of the array of RF elements
based on the directivities provided in step c¢), and further
includes weighting the images reconstructed in step d) using
the directivity of the array of RF elements.

15. The method as recited in claim 12 in which step e)
includes calculating a weighted sum that includes weighting
each image reconstructed in step d) with the directivity for the
RF element used to transmit RF energy in step a) and the
directivity for the RF element used to acquire the data in step
b) associated with the given image.

16. The method as recited in claim 13 in which the
weighted sum calculated in step e) further includes applying
a spatial compounding function to each image reconstructed
in step d), the spatial compounding function being designed
to compensate for focusing gain of the array of RF elements.

17. The method as recited in claim 13 in which the
weighted sum calculated in step e) further includes applying
a spatial compounding function to each image reconstructed
in step d), the spatial compounding function being designed
to compensate for B, field heterogeneity.

18. The method as recited in claim 11 in which step a)
includes transmitting RF energy using each RF elements in
the array of RF elements.

19. The method as recited in claim 11 in which step ¢)
includes at least one of computing the directivities using a
model; measuring the directivities; and estimating the direc-
tivities.

20. The method as recited in claim 11 in which the array of
RF elements is at least one of an array of RF coils and an array
of RF antennas.



